Introduction
============

Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and the third leading cause of cancer-related deaths.^[@bib1],\ [@bib2]^ More than 700 000 people are diagnosed with this cancer each year globally, and the number of cases is expected to increase. Liver transplantation is considered the most effective therapeutic option for HCC.^[@bib3]^ However, because of the shortage of donor livers, less than 20% of HCC patients are eligible for liver transplantation. Recently, multidisciplinary therapeutic approaches, such as surgical resection, chemotherapy, radiotherapy (RT) and combination therapy, have been proposed to treat HCC.^[@bib3],\ [@bib4]^ Among these treatments, RT has emerged as an effective treatment for intermediate-stage HCC and unresectable liver disease.^[@bib5],\ [@bib6]^ However, the application of RT is limited due to radiotoxicity in nontumorous surrounding tissue and, unfortunately, can have some negative side effects, including radiation-induced liver disease (RILD).^[@bib7],\ [@bib8],\ [@bib9]^ RILD occurs as an acute response during or within a few weeks of RT or as a late-response months to years after RT. RILD is a major limitation of RT in the treatment of liver cancer and is associated with a high mortality rate in patients with liver cancer.^[@bib10]^ Furthermore, the liver is one of the organs that is commonly irradiated during RT treatment of gastrointestinal cancers because of its proximity to the gastrointestinal tract and its large size.^[@bib7],\ [@bib11],\ [@bib12]^ The liver can also be exposed to radiation during the preparation for allogeneic bone marrow or hematopoietic stem cell transplantation.^[@bib13],\ [@bib14]^ Hepatic nonparenchymal cells, such as Kupffer cells (KCs), sinusoidal endothelial cells (SECs) and hepatic stellate cells, are known to be radiosensitive. These cells release various substances that promote liver fibrosis, contributing to distorted liver structure and function during radiation.^[@bib15],\ [@bib16],\ [@bib17]^ This radiation-induced hepatic fibrosis is becoming an increasingly serious problem in patients with RILD.^[@bib18]^ Therefore, studying the pathophysiological mechanisms of RILD are very important for both preventing RILD progression and increasing the treatment efficacy of RT, eventually contributing to improving overall quality of life. However, advances in radiobiology have been slow because radiobiology relies primarily on human studies, which are heavily restricted. To overcome this limitation, well-characterized animal models of RILD are necessary. In this review, we summarize the characteristics and pathogenesis of clinical RILD and the animal models that have been reported so far. In particular, we discuss the key features of each animal model in comparison to human RILD. In the last section, we present the potential therapeutic strategies for RILD and future prospects for RILD-related studies.

Introduction and clinical characteristics of RILD
=================================================

RILD, which was originally described by Ingold *et al.*,^[@bib19]^ is the most significant complication of RT. Although RILD typically occurs 4--8 weeks after termination of RT, it has been reported to appear as early as 2 weeks or as late as 7 months after RT.^[@bib7],\ [@bib9],\ [@bib10]^ Among the patients receiving hepatic radiation of 30--35 Gy, \~6--66% of patients present significant RILD.^[@bib9],\ [@bib10],\ [@bib12]^ This broad range of RILD incidence rate is related to the volume of irradiated livers, individual hepatic functional reserve and medical history. There are two types of RILD: classic RILD and non-classic RILD. Patients with classic RILD usually have symptoms of fatigue, abdominal pain, increased abdominal girth, hepatomegaly and anicteric ascites 1--3 months after liver RT.^[@bib8]^ In addition, the level of alkaline phosphatase (ALP) increases by more than twofold that of normal levels, whereas levels of transaminase and bilirubin remain normal.^[@bib20]^ The pathological hallmark of classic RILD is hepatic veno-occlusive disease (VOD), which is characterized by complete obliteration of the central vein lumina by erythrocytes trapped in a network of reticulin and collagen fibers.^[@bib21],\ [@bib22]^ The trapped erythrocytes create vascular congestion, leading to decreased oxygen delivery to the central zone. This hypoxic environment results in both the death of centrilobular hepatocytes (HCs) and atrophy of the inner hepatic plate, leading to hepatic dysfunction. In addition, HSC activation contributing to hepatic fibrosis is a common characteristic in patients with classic RILD.^[@bib23]^ Patients who develop non-classic RILD have underlying chronic hepatic diseases, such as cirrhosis and viral hepatitis, and show more dysregulated hepatic functions with jaundice and/or remarkably elevated serum transaminases (a more than fivefold increase compared to normal levels) rather than ALP.^[@bib12],\ [@bib24]^ For example, patients with the hepatitis B virus are reportedly more vulnerable to developing RILD compared to non-carrier groups.^[@bib25]^ In addition, hepatocellular loss, hepatic dysfunction, hepatic sinusoidal endothelial death and HSC activation have been detected in non-classic RILD. Hepatic irradiation in these particular patients impairs their hepatocellular regeneration capacity and induces irreversible hepatic failure.^[@bib26]^

Although the pathophysiological characteristics of RILD in human patients have been relatively well characterized, the precise mechanisms of RILD development remain largely unknown. As a result, there are no effective therapeutic measures to prevent or cure the progression of RILD.^[@bib10]^ Radioprotectors, which are used in combination therapy with RT, have been recently reported to protect nontumorous liver tissue from radiation-induced damage. Amifostine, a radioprotective drug, is clinically used to treat head and neck cancer in combination therapy with RT.^[@bib27]^ Amifostine has also been shown to protect HCs from radiation-induced damage without compromising the killing effect of RT in tumor cells in the livers of rats.^[@bib28]^ In a phase I clinical study, amifostine demonstrated radioprotective effects in the nontumorous liver tissues of RT patients with primary or metastatic intrahepatic cancer.^[@bib29]^ In addition, melatonin, a hormone in the pineal gland, has been shown to exert a radioprotective effect in the radiation-treated liver by decreasing oxidative stress in rats.^[@bib30]^ However, the use of such radioprotectors in routine clinical practice is still being investigated. Evidence for their safety and effectiveness is lacking because amifostine has been reported to cause side effects, such as vomiting, nausea and hypotension, and the efficacy of melatonin has only been tested in an experimental rat model. In the treatment of patients with RILD, supportive drugs, such as diuretics for fluid retention, paracentesis for ascites and steroids for reducing hepatic congestion, are currently used,^[@bib10]^ but they are mainly directed at alleviating symptoms rather than providing a cure. The use of anticoagulants and thrombolytics may be helpful in relieving hepatic vein thrombosis. However, there are no specific therapeutic agents for the management and cure of RILD, and RILD patients are managed in the same way as non-irradiated patients. Therefore, the underlying mechanism of RILD should be investigated and understood to provide specific management and treatment to RILD patients.

Current knowledge of RILD pathogenesis
======================================

Although our knowledge of RILD pathogenesis has improved in recent years, the molecular pathogenic mechanisms of RILD remain unclear. RILD pathogenesis includes complex and multicellular responses associated with vascular changes, increased collagen synthesis and sequential activation of key growth factors and cytokines, such as tumor necrosis factor alpha (TNF-α), transforming growth factor beta (TGF-β) and hedgehog (Hh), which are important regulators in repair responses to liver damage.^[@bib31]^ Radiation causes acute or chronic injury in the liver. The early effects of irradiation include DNA damage, oxidative stress and reactive oxygen species production leading to hepatocellular apoptosis and acute inflammatory responses in irradiated regions.^[@bib32]^ Although HCs are considered more radioresistant than nonparenchymal cells, the radiation-induced release of TNF-α by KCs increases the susceptibility of HCs to radiation-induced apoptosis and ultimately induces hepatocellular death.^[@bib15],\ [@bib33]^ Christiansen *et al.*^[@bib15]^ showed that direct irradiation of cultured rat HCs did not lead to cytotoxicity. However, irradiated KCs released TNF-α into the culture medium, and irradiated HCs treated with this culture medium containing TNF-α showed significantly increased apoptosis, suggesting that KCs secrete TNF-α, which promotes hepatocyte apoptosis and contributes to acute liver injury with dysregulated function in the irradiated liver. Massive hepatocyte death caused by repetitive or severe injury is associated with the compensatory proliferation of myofibroblastic (MF)-HSCs.^[@bib31]^ The activation of HSCs is a key cellular event underlying hepatic fibrosis. Upon liver injury, HSCs are transdifferentiated from quiescent HSCs into activated/MF-HSCs, the main collagen-producing cells in the liver. This HSC activation is also suggested to be an essential process in RILD development because these cells are highly radiosensitive and accumulate in the livers of patients with RILD.^[@bib23]^ Consistent with this observation in human liver samples, radiation increases the expression of alpha-smooth muscle actin, a well-known marker of MF-HSCs, in the livers of irradiated rats and mice.^[@bib34],\ [@bib35],\ [@bib36],\ [@bib37]^ In addition, SEC apoptosis is considered the primary event in radiation-induced liver damage. Yamanouchi *et al.*^[@bib17]^ reported that the number of apoptotic SECs, not HCs, was elevated in the livers of irradiated rats. SEC injury resulted in microcirculatory blood flow disturbances, which damaged HCs. The injured SECs and central vein endothelium also activated the coagulation cascade and led to the deposition of fibrin and the formation of clots in the central veins and hepatic sinusoids. The ensuing hypoxic environment resulted in the death of centrilobular HCs and atrophy of the inner hepatic plate, promoting hepatic congestion and liver dysfunction.^[@bib21],\ [@bib38]^ At later stages, a fibrotic reaction in the sinusoids can lead to the obliteration of central venules, leading to VOD. Therefore, a complex and dynamic interaction among different types of hepatic cells occurs in RILD, and a simplified model of this event is depicted in [Figure 1](#fig1){ref-type="fig"}.

TGF-β is produced by many types of hepatic cells, including HSC, and promotes the accumulation of MF-HSC during liver fibrosis.^[@bib31]^ In the livers of irradiated rats, the level of TGF-β1 increased as the dose of radiation increased, and this expression pattern of TGF-β1 was correlated with the degree of hepatic fibrosis.^[@bib39]^ In addition, TGF-β1 stimulated the prolonged production of reactive oxygen species in HCs.^[@bib40]^ This increased oxidative stress was shown to be involved in the development and pathogenesis of late radiation-induced fibrosis. TGF-β activated by radiation promotes the production of profibrotic cytokines and stimulates collagen deposition.^[@bib31]^ These fibrogenic effects of TGF-β are mediated by the overproduction of plasminogen activator inhibitor-1, one of the downstream targets of TGF-β, which inhibits plasminogen activators, thereby preventing the breakdown of fibrin and promoting its accumulation.^[@bib41]^ In addition, connective tissue growth factor, a fibrogenic cytokine, is a downstream mediator of the effect of TGF-β on extracellular matrix deposition, including collagen synthesis.^[@bib41]^ Thus, TGF-β1 plays an important role in RILD by mediating multicellular interactions and promoting fibrosis. Increasing evidence suggests that Hh signaling plays a pivotal role in the development of RILD. Hh signaling influences the functions of HSCs, SECs and HCs. In the injured liver, apoptotic or ballooned HCs produce Hh ligands, which stimulate Hh-responsive cells, such as progenitors, HSCs and SECs.^[@bib42],\ [@bib43]^ These cells, in turn, activate Hh signaling and are involved in the remodeling responses to liver injury. Wang *et al.*^[@bib35],\ [@bib37]^ demonstrated that Hh signaling was activated and involved in both acute and late liver responses to irradiation. In these studies, Wang *et al.*^[@bib35],\ [@bib37]^ showed that Hh signaling was associated with the activation of HSCs and that Hh suppression reduced the response of these cells, alleviating radiation-induced liver fibrosis. Therefore, the Hh pathway is suggested to be a potential player in the pathogenesis of RILD.

Animal models of RILD: the experimental approach
================================================

Our understanding of RILD is mostly based on clinical observations and patient-derived histopathology. Reed and Cox^[@bib22]^ were the first to characterize the histological changes of RILD resembling VOD. A liver biopsy of a patient with RILD may show endothelium swelling, terminal hepatic venule narrowing, sinusoidal congestion, parenchymal atrophy and fibrosis.^[@bib44]^ These pathologic observations are predominantly evident around the central vein and are similar to those of VOD.^[@bib8]^ Based on these clinical observations, experimental models of RILD, ranging from small rodents to nonhuman primates, have been developed to investigate the mechanism responsible for the development of the equivalent RILD seen in human patients. The establishment of animal models is essential to better understand the pathogenesis and molecular mechanisms of RILD. A number of animal models have been used to examine RILD, and the effects of hepatic irradiation have been studied in several experimental animals. The preferred animal model is the rat. Along with rats, mice, monkeys, dogs and rabbits are also used as models for experimental RILD. However, animal models in most studies have not shown similar pathological characteristics to human RILD. In addition, animal models for RILD are yet to be established because the treatment methods used in RILD research, such as radiation dose, single or fractionated irradiation, combining radiation with other chemicals, employing mouse/rat strains and genders, follow-up times and so on, are diverse. These undefined treatments lead to variable results in RILD research, and this variability impedes the understanding of the mechanism of RILD. Therefore, it is necessary to determine the characteristics of each model and compare the results obtained from these animal models with human RILD to identify the advantages and disadvantages of each currently available animal model ([Table 1](#tbl1){ref-type="table"}) to develop an appropriate animal model for RILD.

Rodents: rat and mouse
----------------------

Rodents have many advantages as experimental models, such as their anatomical, physiological and genetic similarity to humans.^[@bib45]^ The rat is the most frequently used animal model for RILD. The most common rat strains used are Sprague--Dawley (SD) and Wistar rats. When Wistar rats were exposed to a single dose (6 Gy) of total body irradiation, lipid peroxidation and oxidative stress were significantly elevated in the liver, showing increased levels of malondialdehyde, the main product of lipid peroxidation and cytotoxic nitric oxide in the liver.^[@bib30]^ Although whole-body irradiation induces oxidative stress in the liver, it is inappropriate to investigate radiation-induced hepatic responses because whole-body irradiation may induce immunosuppression, endocrine dysfunction and multi-organ failure, which are risk factors for hepatic damage.^[@bib46],\ [@bib47]^ Therefore, recent studies have employed hepatic irradiation, which seems to be more suitable for investigating radiation-induced liver responses. When SD rats were exposed to an 8 Gy single dose of abdominal irradiation, severe sinusoidal congestion and hemorrhage, dilation of the central vein, degenerated HCs with perinuclear vacuolization and activated KCs were observed in the irradiated livers 36 h after exposure.^[@bib48]^ However, when the Wistar rats were exposed to a 25 Gy single dose of hepatic irradiation, only mild hepatocellular damage and steatosis were observed 24 and 48 h after irradiation.^[@bib49]^ These findings indicate that Wistar rats may be more radioresistant than SD rats, presenting strain disparity in responses to radiation. Therefore, a systemic comparison of strain disparity in hepatic radio-resistance is required to establish the most appropriate experimental animal model of RILD. In addition, the radiation dose influences the liver response to radiation. When the SD rats were exposed to 30 Gy of hepatic irradiation, radiation-induced liver fibrosis was detected 6 months after irradiation.^[@bib50]^ However, when the SD rats were exposed to 60 Gy of hepatic irradiation, liver fibrosis was detected 8 weeks after irradiation.^[@bib34]^ These observations imply that liver fibrosis increases as radiation doses increase. However, increasing radiation doses increases the chance of lethality. Therefore, Rave-Frank *et al.*^[@bib36]^ employed fractionated irradiation, which is generally used in clinical RT, to minimize normal tissue toxicity. When the Wistar rats were exposed to liver-specific irradiation delivered in a fractionated dose of 2 Gy five times per week for 6 weeks (total dose 60 Gy), the irradiated livers showed upregulated ALP levels without necroinflammation and fibrosis 3 months after radiation. However, Zhang *et al.*^[@bib34]^ showed that the same dose-irradiated SD rats by single irradiation presented hepatic sinus congestion, hepatocyte apoptosis and fibrosis 8 weeks after irradiation. These findings suggest that fractionated irradiation induces much less toxicity than single-dose irradiation. However, to clarify the effects of single and fractionated irradiation on the liver, strain-matched experiments following the same protocol are required.

Mice have been increasingly used to establish animal models of RILD, but they have been employed relatively less in RILD research compared to rats. Whole-body irradiation has been mainly used in past studies, but liver-specific irradiation tends to be used in more recent studies of radiation-induced liver response in mice. When female C57BL/6 mice were exposed to whole-body irradiation with a 20 Gy single dose, the livers contained accumulated fatty HCs, apoptotic cells, progenitors and MF-HSCs and demonstrated increased fibrosis 1 week after irradiation.^[@bib37]^ Wang *et al.*^[@bib51]^ also demonstrated a greater accumulation of fatty HCs and apoptotic cells in the livers of irradiated female rather than male mice after whole-body irradiation with a 6 Gy single dose. Expansion of progenitor cells and increased fibrosis were also observed in the livers of irradiated female, but not male, mice. These results suggest that female mice are more radiosensitive than males. This gender difference in radiosensitivity possibly influences the outcomes of experimental RILD in animal models. However, whole-body irradiation has several limitations, as mentioned above, in understanding radiation-induced hepatic responses. Recent studies have adopted hepatic irradiation for RILD research. Male mice that were exposed to upper region, abdomen-specific irradiation with a 6 Gy single dose presented increased levels of hepatic triglycerides, ALT/AST and apoptosis, fat accumulation in HCs, and enhanced fibrosis 6 weeks and 10 weeks after radiation; however, they showed none of the histopathological features of RILD.^[@bib35]^ Kim *et al.*^[@bib52]^ employed fractionated irradiation and, following hepatic response, conducted serial investigations. In this study, male C57BL/6 mice were exposed to liver-specific irradiation that was delivered in a fractionated dose of 6 Gy per week for 5 weeks (total dose 30 Gy). Some mice were killed 1 day after consecutive weekly irradiation to observe the acute response to radiation, and the others were killed 6 or 10 weeks after final irradiation to examine the late response to radiation. As a result, mice in the acute response model showed elevated levels of ALT/AST, apoptotic HCs and progenitor proliferation. Loss of parenchymal cells, hepatic congestion and severe fibrosis were observed in the late-response model. Liver-specific fractionated radiation-induced mild hepatic injuries in rats,^[@bib36]^ whereas it caused severe damage in mice in the late-response model.^[@bib52]^ However, these results cannot be compared because the species, radiation dose, frequency of fractionated radiation and follow-up intervals used are different. Relative irradiation dose by total animal volume should be considered.

Although hepatocellular injury and concomitant fibrotic response have been well established and are reproducible in irradiated rats and mice, VOD, a morphological hallmark of RILD, does not develop in them by radiation only. To cause VOD in these animals, chemicals such as monocrotaline (MCT) and 5-thiguanine are used. MCT is a toxic pyrrolizidine alkaloid and is known to induce VOD in experimental rodent models.^[@bib53],\ [@bib54]^ In the liver, MCT is metabolically activated into the toxic metabolite dehydromonocrotaline by the hepatic cytochrome P-450 enzymatic system. This toxic metabolite is converted into a stable nontoxic metabolite by glutathione (GSH) and then eliminated.^[@bib55]^ Because centrilobular regions of the liver are rich in P-450 but poor in GSH, these areas are particularly sensitive to toxic agents.^[@bib55]^ Therefore, MCT treatment results in the accumulation of toxic metabolites in the centrilobular areas, damaging SEC and central venular endothelial cells. This cell injury promotes severe hemorrhage, activation of the coagulation system and sinusoidal fibrin deposition, leading to VOD.^[@bib38]^ These findings suggest that GSH is critically involved in the development of VOD. In addition, given that GSH is an important antioxidant that prevents oxidative stress and that oxidative stress is increased in the irradiated liver,^[@bib32]^ GSH activity could be related to VOD formation in RILD. Although the detailed mechanism of radiation-induced liver injury differs from that of toxin-induced liver damage and it is unknown whether liver-specific irradiation influences the level and activity of GSH, studying the association of GSH and VOD can provide clues to understanding why VOD does not develop in small rodent models of RILD, eventually contributing to the establishment of suitable experimental rodent models for RILD.

Rabbit and dog
--------------

There have been additional efforts to develop experimental RILD in rabbits and dogs. When New Zealand white rabbits were exposed to a single dose (24--28 Gy or 36 Gy) of hepatic irradiation, neither changes to the portal liver architecture nor congestion of the sinusoids were evident in these animals.^[@bib56]^ Cromheecke *et al.*^[@bib57]^ reported that dogs presented macroscopic color and histopathological changes such as parenchymal fibrosis and liver cell atrophy after a single dose (20 Gy) of hepatic irradiation, although they failed to develop VOD. Shulman *et al.*^[@bib58]^ showed that combined treatment with chemotherapy and RT- or MCT-induced acute VOD in dogs. However, chemotherapy alone can lead to VOD because of its cytotoxicity in humans and experimental animals, similar to MCT.^[@bib58],\ [@bib59]^ Thus, experimental animal models based on rabbits and dogs are currently limited in the study of RILD.

Nonhuman primates
-----------------

Nonhuman primate models are considered the gold standard of animal models because they have a ⩾95% DNA sequence identity and very similar receptor- and pathway-related physiological responses compared to humans.^[@bib60]^ Nonhuman primate models most closely reproduce the clinical, histopathological and pathophysiological aspects of radiation injury in humans. Several studies have used monkeys to evaluate radiation-induced hepatic injuries. When female rhesus monkeys were exposed to hepatic irradiation with 4.5 Gy per fractionated radiation for 8 fractions (total 36 Gy) or 2.5 Gy per fractionated radiation for 20 fractions (total 50 Gy), none of the monkeys developed classical VOD,^[@bib61]^ suggesting that they might be resistant to the induction of significant hepatic injury by radiation alone. However, male cynomolgus monkeys that received fractionated hepatic radiation of more than 40 Gy showed marked veno-occlusive changes in the central veins similar to human VOD, including intimal edema, hemorrhage, elevated ALP, parenchymal congestion and a narrowed or completely obstructed lumen with mild fibrosis, 10 weeks after irradiation.^[@bib62]^ In addition, cynomolgus monkeys presenting only mild increases in serum ALT and ALP levels with hepatic fractionated radiation of less than 36 Gy showed more severe changes in the liver and developed RILD when they received additional hepatic radiation ranging in duration from 6 months to 1 year. Because cynomolgus monkeys, not rodents, have shown hepatic venous injury, they are currently the only reproducible animal model resembling classic human RILD, suggesting that the livers of cynomolgus monkeys have a similar vascular sensitivity to the human liver in response to irradiation. This distinctive radiation sensitivity enables them to develop VOD, which is not reproduced in irradiated rodents. The reason for the difference in hepatic radiosensitivity between the monkey and the rodent is poorly understood, but elucidating this difference will provide a clue to understanding the development of VOD in RILD and establishing a small animal model of RILD.

Although various experimental animal models of RILD with pathologies similar to humans have been generated, they are still limited in RILD studies because of the absence of VOD. The use of cynomolgus monkeys enables the reproduction of experimental VOD, but their long lifespan, the high cost of studies and lower accessibility constitute a major burden for scientists.^[@bib60]^ Therefore, if the physiological and pathological characteristics of RILD, including VOD, can be properly developed in small animal RILD models, they will have advantages over monkeys in elucidating the mechanisms of RILD. To obtain adequate rodent RILD models, experimental conditions, such as radiation dose by animal size, exposure time, single or fractionated irradiation and follow-up time to produce VOD, should be established and optimized. Furthermore, most researchers have employed an irradiated liver having neither tumors nor chronic diseases to study RILD. Therefore, these experimental models have some discrepancy in corresponding to the *in vivo* circumstance of patients with gastrointestinal cancers, including HCC or underlying chronic hepatic diseases, receiving RT. In particular, the liver baseline microenvironment exposed to radiation differs between human and experimental animals. Therefore, to better clarify the pathogenesis of RILD, further studies are necessary to investigate radiation-induced hepatic responses in animal models with gastrointestinal or liver cancers with or without underlying chronic disease.

Treatments of RILD and future prospects
=======================================

Various strategies are being investigated to prevent or minimize radiation-induced hepatotoxicity.^[@bib4],\ [@bib10]^ There is growing interest in selective internal RT for HCC, also called radioembolization, which involves hepatic arterial infusion of yttrium-90 microspheres to deliver a higher radiation dose to the tumor vasculature relative to the surrounding normal parenchyma.^[@bib63]^ Although the use of radioembolization may minimize the risk of serious radiation-induced hepatic toxicity, it still produces relevant toxic effects in nontumorous tissues that constitute radioembolization-induced liver disease.^[@bib64]^ Stem cell-based therapy is a recently developed, notable treatment. Stem cell therapy aims to ameliorate the unintended side effects in normal tissues exposed to radiation by promoting the regeneration of irradiated normal tissues. The infusion of mesenchymal stem cell (MSC) or MSC-derived bioactive components was reported to prevent radiation-induced liver injury by inhibiting both apoptosis and inflammation in experimental animals,^[@bib65],\ [@bib66]^ suggesting the regenerative capability of MSCs in radiated tissues. However, the mechanism underlying the therapeutic or regenerative effects of MSCs in the damaged tissues caused by radiation remains unclear. Undesirable side effects possibly occur during the therapeutic application of MSCs in treating radiation-induced injuries. Without elucidating the microenvironment of radiation-induced damage, the application of MSCs or MSC-derived factors in the treatment of RILD is dangerous given that engrafted MSCs can differentiate into HCs as well as myofibroblasts, a major player in liver fibrosis, depending on the time frame of differentiation and the route of MSC injection.^[@bib67]^ Therefore, further characterization of MSCs and investigations into the progression and microenvironment of RILD may be critical for ensuring the safety of MSC-based cell therapy. Given that HSC-mediated fibrogenesis is ongoing in RILD and VOD,^[@bib23],\ [@bib50]^ therapeutic strategies to control HSC function appear to have potential in the treatment of RILD. One of the cytokines-regulating HSC transdifferentiation, TGF-β, has been implicated in subendothelial and hepatic fibrosis in RILD.^[@bib39],\ [@bib50]^ TGF-β showed a radiation dose-dependent increase, and suppression of TGF-β was reported to reduce hepatic fibrosis in the irradiated livers of experimental animals.^[@bib39],\ [@bib50]^ Thus, anti-TGF-β therapy is a therapeutic strategy against RILD development. In addition, the Hh pathway is suggested to be a potential player in RILD progression.^[@bib35],\ [@bib37],\ [@bib51],\ [@bib52],\ [@bib68]^ The expression of Hh signaling was reportedly enhanced in the livers of irradiated mice, and the blockade of Hh reduces hepatic toxicity and fibrogenic response by inhibiting myofibroblast accumulation.^[@bib35]^ Kim *et al.*^[@bib52]^ also showed that Hh signaling is activated and contributes to progressive hepatic fibrosis during both the early and late response to fractionated hepatic radiation in mice with incipient RILD. These results suggest that the Hh pathway is a potential target for novel therapeutic strategies for RILD.

In conclusion, RILD is a major limitation of RT in the treatment of liver cancer. Although the clinical characteristics of RILD patients have been relatively well described, understanding the pathogenesis of RILD has been hampered by the limitations of establishing a reproducible animal model for RILD, especially VOD. Therefore, the development of RILD animal models that are equivalent to human RILD is essential for understanding the underlying mechanisms of RILD and establishing novel therapeutic agents to reduce radiation-induced hepatic toxicity and improve patient survival.
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![Simplified model of liver-specific cellular events in radiation-induced liver injury. (**a**) In the normal liver, liver sinusoids are lined with SECs and KCs. Quiescent hepatic stellate cells (qHSCs) are located in the space of Disse and are in close contact with HCs and SECs. (**b**) In the irradiated liver, ① injured SECs undergo apoptosis and release TNF-α, which promotes HC apoptosis and KC activation. ② In addition, injured SECs induce the penetration of red blood cells (RBCs) and activate fibrin deposition in central veins (CVs), leading to sinusoidal obstruction. ③ The ensuing hypoxic environment leads to the death of HCs and the activation of KCs. ④ Activated KCs release TGF-β, the major profibrogenic cytokine, which promotes the transdifferentiation of qHSCs into MF-HSCs. ⑤ Apoptotic HCs produce Hh ligands, which trigger the proliferation of Hh-responsive cells, such as HSCs. MF-HSCs accumulate and promote the deposition of extracellular matrix proteins, leading to liver fibrosis in the late stage of RILD.](emm201785f1){#fig1}

###### Currently available animal models of RILD

  *Animal*             *Gender*        *Fractionation/Irradiated area*   *Dose (Gy)*                                                              *Follow-up times*   *Pathological properties*                                                                                                 *Reference*
  -------------------- --------------- --------------------------------- ------------------------------------------------------------------------ ------------------- ------------------------------------------------------------------------------------------------------------------------ -------------
  *Rat*                                                                                                                                                                                                                                                                                        
   Wistar              Male            Single/Whole body                 6 Gy                                                                     2 h                 • Increased oxidative stress and lipid peroxidation                                                                       ^[@bib30]^
                       Male            Single/Liver                      25 Gy                                                                    24 and 48 h         • Mild hepatocellular damage • Mild steatosis                                                                             ^[@bib49]^
                       Male            Fractionation/Liver               Total 60 Gy (2 Gy per fraction)                                          3 mo                • Upregulated ALP levels • No necroinflammation and fibrosis                                                              ^[@bib36]^
                                                                                                                                                                                                                                                                                               
   SD                  Not indicated   Single/Abdomen                    8 Gy                                                                     36 h                • Sinusoidal congestion • Hemorrhage • Dilation of the central vein • Degenerated Hepatocyte • Kupffer cell activation    ^[@bib48]^
                       Male            Single/Liver                      30 Gy                                                                    6 mo                • Liver fibrosis                                                                                                          ^[@bib50]^
                       Male            Single/Liver                      60 Gy                                                                    8 wk                • Hepatic sinus congestion • Hepatocyte apoptosis • Liver fibrosis                                                        ^[@bib34]^
                                                                                                                                                                                                                                                                                                      
  *Mouse*                                                                                                                                                                                                                                                                                      
   C57BL/6             Female          Single/Whole body                 20 Gy                                                                    1 wk                • Accumulation of fatty hepatocyte and apoptotic hepatocyte • Expansion of progenitors and • MF-HSC • Liver fibrosis      ^[@bib37]^
                       Female          Single/Whole body                 6 Gy                                                                     1 wk                • Accumulation of fatty hepatocytes and apoptotic cells • Liver fibrosis                                                  ^[@bib51]^
                       Male            Single/Abdomen                    6 Gy                                                                     6 and 10 wk         • Upregulated ALT/AST levels • Apopotsis • Fat accumulation • Liver fibrosis                                              ^[@bib35]^
                       Male            Fractionation/Liver               Total 30 Gy (6 Gy per fraction)                                          6 and 10 wk         • Upregulated ALT/AST levels • Hepatic congestion • Liver fibrosis                                                        ^[@bib52]^
                                                                                                                                                                                                                                                                                                      
  *NHP*                                                                                                                                                                                                                                                                                        
   Rhesus monkey       Female          Fractionation/Liver               Total 36 Gy (4.5 Gy per fraction) or Total 50 Gy (2.5 Gy per fraction)   9 mo                • No clinical or biochemical signs of liver dysfunction                                                                   ^[@bib61]^
                                                                                                                                                                                                                                                                                               
   Cynomolgus monkey   Male            Fractionation/Liver               Total 40 Gy                                                              10 wk               • VOD • Hemorrhage • Upregulated ALP levels • Hepatic congestion • Liver fibrosis                                         ^[@bib62]^
                                                                                                                                                                                                                                                                                               
  Rabbit               Not indicated   Single/Liver                      24--28 Gy or 36 Gy                                                       1, 2 and 6 mo       • No macroscopic and microscopic changes                                                                                  ^[@bib56]^
                                                                                                                                                                                                                                                                                               
  Dog                  Not indicated   Single/Liver                      20 Gy                                                                    1 to 2 yr           • Liver fibrosis • Liver cell atrophy                                                                                     ^[@bib57]^

Abbreviations: ALP, alkaline phosphatase; ALT, alanine transaminase; AP, alkaline phosphatase; AST, aspartate transaminase; F, female; hr, hour(s); M, male; MF-HSC, myofibroblastic hepatic stellate cell; mo, month(s); NHP, nonhuman primate; SD, Sprague--Dawley; VOD, veno-occlusive disease; wk, week(s); yr, year(s).
